Abstract While cyanide is known to be produced by many organisms, including plants, bacteria, algae, fungi and some animals, it is generally thought that high levels of cyanide in aquatic systems require anthropogenic sources. Here, we report accumulation of relatively high levels of cyanide in non-polluted salt marsh sediments (up to 230 lmol kg -1 ). Concentrations of free cyanide up to 1.92 lmol L -1 , which are toxic to aquatic life, were detected in the pore-waters. Concentration of total (free and complexed) cyanide in the pore-waters was up to 6.94 lmol L -1 . Free cyanide, which is released to the marsh sediments, is attributed to processes associated with decomposition of cord grass, Spartina alterniflora, roots and possibly from other sources. This cyanide is rapidly complexed with iron and adsorbed on sedimentary organic matter. The ultimate cyanide sink is, however, associated with formation of thiocyanate by reaction with products of sulfide oxidation by Fe(III) minerals, especially polysulfides. The formation of thiocyanate by this pathway detoxifies two poisonous compounds, polysulfides and hydrogen cyanide, preventing release of free hydrogen cyanide from salt marsh sediments into overlying water or air.
Introduction
Cyanide and its protonated form, HCN, are important anthropogenic pollutants of natural aquatic systems (Young et al. 2006; Ghosh et al. 2006a) . Cyanide discharges from gold mine heap leaching operations such as those that occurred at the USMX mine, Utah, USA in 1995, which released 26,000 m 3 of 0.2 ppm cyanide solution to East Fork of Beaver Dam Wash, or at Omai, Guyana in 1995, at the Gold Quarry mine, Nevada, USA in 1997, and at Baia Mare, Romania in 2000 have had a profound influence on riverine systems (Wong-Chong et al. 2006a) . Cyanide is lethal at concentrations in the range of 1-40 lmol L -1 for fish and 3-1,920 lmol L -1 for invertebrate organisms (LC50, 96-h exposure) (Gensemer et al. 2006) , and cyanide spills are known to result in massive fish kills (Wong-Chong et al. 2006a) .
Significant cyanide accumulation due to natural processes in marine systems has not however been reported ), and its low concentrations are attributed to fast uptake (and degradation) by plants, fungi and bacteria in aquatic systems, as well as volatilization and adsorption (Yu et al. 2005; Ghosh et al. 2006b ). Bacteria and fungi are known to degrade cyanide ). It turns out the atmospheric cyanide produced by biomass burning is the main source of cyanide to the ocean. Estimates by Li et al. (2000) attribute a release of 1.4-2.9 Tg N per year to the atmosphere due to forest fires. In lake waters, for instance, up to 0.65 lmol L -1 and 1.85 lmol L -1 of free and total cyanide, respectively, has been detected by potentiometry (Sekerka and Lechner 1976) . Its concentration in upper ocean waters is likely less than *40 nmol L -1 , but no direct measurements are available (Li et al. 2000; Dzombak et al. 2006a ). Concentrations of cyanide may be higher in coastal waters affected by wastewater discharge or ''cyanide fishing'' .
Natural sources of cyanide include production by various organisms, including bacteria, fungi and especially vascular plants. A well-documented case is production of cyanide by the important food plant Manihot esculenta (cassava) Ghosh et al. 2006b ). Numerous plants can use cyanide as a source of nitrogen, but they are also not immune to its effects as an inhibitor of respiratory metabolic processes. Cyanide is also known to inhibit microbial denitrification and methanogenesis (Wild et al. 1994) .
Here, we report an observation of accumulation of high concentrations of cyanide in salt marsh sediment of the Delaware Great Marsh (DGM), a system that is not affected by significant anthropogenic sources of cyanide and that was not expected to hold this compound in its various forms at high levels.
The DGM is a salt marsh, dominated by Spartina alterniflora (saltmarsh cordgrass) and has an active annual cycle of sulfur and iron (Lord et al. 1983; Luther et al. 1986; Ferdelman et al. 1991; Luther et al. 1991; Luther 1994, 1995) . From midsummer to mid-spring, the iron-sulfide transition zone in the pore-waters is relatively shallow (at 0-10 cm depth). Sulfide accumulates below the iron-sulfide transition zone in sediments due to microbial sulfate reduction resulting in the formation of pyrite. From the mid-spring to mid-summer, penetration of oxygen through growing and hollow dead Spartina alterniflora roots causes deepening of the iron-sulfide transition zone to 10-20 cm, and pyrite oxidation occurs above this level . Oxidation of sulfide and pyrite by iron(III) leads to the formation of sulfate and a variety of sulfide oxidation intermediates, such as inorganic polysulfides (S n 2-) and their protonated forms, thiosulfate, sulfite, tetrathionate and thiols (Luther et al. 1986 ). In late summer and autumn, sulfate reduction rates (and therefore rates of organic matter decomposition) are relatively high and reducing conditions prevail in sediments. The upper layer of the solid phase of the DGM sediments (2.5 cm) is dominated by Fe(III) (amorphous and crystalline) around the year, except late summer-early autumn, when sulfur bound iron (especially pyrite) comprises half or more of all iron. The fraction of sulfur bound iron increases with depth and dominates vegetated salt marsh sediments at 20-25 cm depth around the year (Kostka and Luther 1995) . Solid phase sulfur is bound to iron as iron sulfide. Pyrite sulfur usually prevails over other iron-sulfide minerals, especially in the deep sediments (Kostka and Luther 1995) , although sometimes in the upper 2.5 cm of sediment, pyrite sulfur may comprise less than 50 % of solid sediment sulfur pool (Kostka and Luther 1994) .
In salt marshes, cyanogenic glycoside triglochinin (Ettlinger and Eyjólfsson 1972 ) is known to be produced by arrowgrass (Triglochin maritima) (Majak et al. 1980; Davy and Bishop 1991) . The highest content of triglochinin was detected in new growth of leaves and spikes of Triglochin maritima in spring. No published data on cyanogenic potential of Spartina alterniflora were found.
The main goal of the performed research was to understand sources of high cyanide content in the Delaware Great Marsh sediments as well as pathways of cyanide transformations, and its temporary and permanent sinks.
Materials and Methods

Sampling and Core Processing
Samplings were performed on October 30, 2009 and on April 14, 2010. The sampling site was located in the Delaware Great Marsh (DGM) at the southern shore of the Delaware Bay near Lewes, DE (38°48 0 N, 75°12 0 W) at the shore of a small creek. The site was dominated by Spartina alterniflora grass. A detailed site description may be found in the work of Luther et al. (1991) .
During each sampling, three cores were taken. The first core was used for pore-water extraction and analysis. The second core was used for a bulk sediment analysis, and the third core was used for incubations of amended sediment slurry. During both sampling campaigns, all cores were taken not more than 3 m from the same reference point in the vicinity of creek. Cores were retrieved by pushing 9.5-cm-internal diameter, 50-cm-long polycarbonate liner with a sharpened lower edge into the marsh sediment. All depths are reported as they were sampled from the core liner. Sediment compaction during sampling was 5-7 % of core length.
The pore-water was extracted with Rhizon samplers (MacroRhizon, 9 cm long, 4.5 mm diameter, Rhizosphere Research Products, Netherlands) with a filter pore size of 100 nm, under a nitrogen atmosphere in the glove box (typically \0.2 % O 2 ). The Rhizon samplers were horizontally inserted in the cores through predrilled holes that had been sealed with gas-tight tape before sampling. After insertion, the Rhizon samplers were connected to syringes which were used to create a small amount of underpressure. Prior to pore-water extraction, the Rhizon samplers were stored for at least one hour in anoxic water in the glove box. Syringes were flushed several times with the glove box atmosphere before they were attached to the Rhizon samplers. The first milliliter of the extracted pore-water was discarded to avoid contamination from oxygen absorbed on the Rhizon samplers and/or syringe plunger, and the dilution of seawater sample with anoxic Milli-Q in which the Rhizons were stored. Usually, c.a. 20-30 mL of pore-water was sampled at each depth. Calculation based on the formula presented in the work of Seeberg-Elverfeldt et al. (2005) shows that pore-water extraction interval was c.a. 2.5 cm so only minor smearing of porewater profiles can be caused during 2-cm interval sampling.
For all analyses of bulk sediment concentrations cores were sliced (slices thickness 2 cm) under an oxic atmosphere and sediment samples were analyzed or preserved for further analyses immediately. Freeze-dried sediment was used for total iron and total organic carbon analyses; fresh sediment was used for cyanide, thiocyanate, sediment roots content and roots cyanide content analyses. Hermetically closed samples stored at 4°C were used for porosity determination.
Pore-water Composition Analysis
Total sulfide concentrations in the pore-waters were measured by spectrophotometry according to Cline (1969) .
Thiosulfate concentrations in pore-water were measured by derivatization with monobromobimane, followed by HPLC separation with fluorescent detection according to Zopfi et al. (2008) with minor changes in the stationary phase and gradient program. Prevail C18 Alltech reverse phase column (250 mm 9 4.6 mm 9 5 lm) was used for HPLC separation of thiosulfate. Eluent A was 0.25 % (v/v) acetic acid (pH 3.5) adjusted with 5 mol L -1 NaOH; eluent B was 100 % HPLC-grade methanol. The following gradient conditions were used: start 10 % B, 14 min 12 % B, 30-38 min 30 % B, 54 min 42 % B, 82 min 80 % B, 84-88 min 100 % B, 90-95 min 10 % B. Mobile phase flow rate was 1 mL min -1 . Thiocyanate concentrations in pore-waters were analyzed by HPLC with UV detection according to Rong et al. (2005) . Thiocyanate blank concentrations were measured for all samples, which were analyzed for cyanide content, and respective concentrations of thiocyanate in the blank samples were subtracted from results of cyanide analysis.
Cyanide-reactive zero-valent sulfur in pore-waters was analyzed according to Kamyshny (2009) . A sample was boiled with an excess of cyanide, and resulting thiocyanate was analyzed according to Rong et al. (2005) .
Pore-water cyanide concentrations were measured according to Kamyshny et al. (2012) by derivatization with potassium tetrathionate. Reactions between cyanide and zero-valent sulfur species have been used for decades as the basis for analytical techniques for detection of the latter. In a recent publication, we applied this process to the quantification of free and metal-complexed cyanide. This method is based on a reaction of various forms of cyanide with an excess of potassium tetrathionate. Resulting thiocyanate was analyzed according to Rong et al. (2005 ]), these metals are not as abundant as iron in the DGM sediments, and we assume that cyanide, which reacts with tetrathionate at pH = 10.0, is not complexed. Derivatization in the presence of pH 4.4 buffer accounts for free cyanide and all cyanide complexes except those with gold and cobalt. Since iron is the main metal which may form complexes with cyanide and thiocyanate in the marsh, we used operational definitions ''free cyanide'' and ''complexed cyanide'' in this work. It should be mentioned that although the limit of cyanide detection is 0.25 lmol L -1 , its concentration is calculated as a difference between thiocyanate concentrations after and before tetrathionate derivatization, and therefore, reported concentrations of cyanide sometimes are below 0.25 lmol L -1 , or even negative. Standard deviation of analysis of concentrations of free and complexed cyanide is 10 % (Kamyshny et al. 2012) .
Soluble Fe(II) in the pore-waters was analyzed by spectrophotometry using AQU-ANALÒ-plus iron (Fe) 0.02-0.2 mg/L kit.
Sediment Composition Analysis
Porosity and sediment density were measured by addition of water to pre-weighted sediment of the total volume of 10 mL, drying for a week at 50°C and measuring of the weight of dried sediment. Sediments of the DGM contain large amount of roots and thus are highly non-homogenous. Results of above measurements in certain depth intervals were averaged. The following average values for porosity measurements were obtained for October 30, 2009 sampling: 0.83 at \6 cm depth, 0.72 at 6-24 cm depth, and 0.62 at [24 cm depth. For April 14, 2010 sampling, average porosity values were 0.77 at \6 cm depth, 0.73 at 6-24 cm depth, and 0.65 at [24 cm depth. Average wet sediment density was 1.1 kg l -1 . Roots content of the bulk sediment was measured by shaking of weighted sediment with Milli-Q water, followed by manual separation of roots, drying roots with paper towels and weighing roots. A following average values for sediment root content were obtained for October 30, 2009 sampling: 20 % at \6 cm depth, 31 % at 6-18 cm depth, and 11 % at [18 cm depth. For April 14, 2010 sampling, average porosity values were 15 % at\6 cm depth, 35 % at 6-18 cm depth, and 14 % at [18 cm depth.
A fraction of sediment, which visually had relatively low root content, was used for analysis of cyanide and thiocyanate content of the wet sediment. For cyanide determination, 0.5-1.5 g of sediment was mixed with 9 mL Milli-Q water, 1 mL pH = 4.4 buffer (Kamyshny et al. 2012 ) and 0.2 mL 500 mmol L -1 of potassium tetrathionate solution, shaken for 15 min and heated overnight at 90°C. The sample was centrifuged, and the supernatant was analyzed for thiocyanate concentration according to Rong et al. (2005) . For thiocyanate determination, 10 mL of pH = 4.4 (Kamyshny et al. 2012 ) buffer was added to 1.6-4.6 g of sediment and the sample was shaken overnight. Thiocyanate concentration in supernatant was detected after centrifugation according to Rong et al. (2005) .
Free cyanide content of Spartina alterniflora grass roots was detected during the October 30, 2009 sampling for the fraction of roots at 10-20 cm depth. Roots (10 g) were pulverized with 190 mL of Milli-Q water, shaken for 15 min and centrifuged. Hydrogen cyanide content in the supernatant was measured by tetrathionate derivatization with pH = 10.0 buffer. The concentration of thiocyanate formed during the derivatization was measured according to Rong et al. (2005) .
Aquat Geochem (2013) 19:97-113 101 Total iron analysis was performed according to Aller et al. (1986) by heating of freezedried sediment in the muffle oven for 8 h at 4508C, followed by heating for 24 h with concentrated hydrochloric acid. Hydrochloric acid extract was diluted 100 times and analyzed for iron content by atomic absorbance spectrometry with iCE 3000 Series Thermo Finnigan AAS.
The total inorganic carbon content was measured by CO 2 Coulometer CM 5012 with an Acidification Module CM 5130, and the total carbon content was measured by CNS elemental analyzer NA 1500 NC (Fisons Instruments). Total organic carbon content of freeze-dried sediment was calculated as a difference between the total carbon and total inorganic carbon.
Slurry Preparation and Incubation
A core for slurry incubations was sectioned under anoxic atmosphere (typically \ 0.2 % O 2 ) in the glove bag. Slurry for incubation experiments was prepared by mixing of c.a. 785 mL of sediment, collected from the core retrieved on April 14, 2010 sampling with 785 mL of artificial deoxygenated seawater (main constituents only, no nutrients were added) with pH adjusted to 8.0 in the glove box under anoxic conditions. The slurry was homogenized and divided in three equal portions. Each portion was transferred to a ziplock plastic bag and spiked with thiocyanate, polysulfide or cyanide by adding small volume (\1 mL) of concentrated stock solution. Concentrations of spiking species were such as to allow easy quantification by HPLC analysis (60-1,200 lmol L -1 ). Sub-samples for time series experiments were taken by transferring a portion of the slurry into 50-mL falcon tube in the glove box. Analyses were performed in the similar way as for sediment samples.
Definitions of Cyanide and Thiocyanate Pools in Sediment
Free hydrogen cyanide pore-water concentration (CN free ) (measured) Strongly (iron) complexed cyanide pore-water concentration (CN Fe and concentrations in the wet sediment in lmol kg -1 . For estimation of fractions of dissolved cyanide and thiocyanate pools in the total cyanide pool, concentrations of dissolved pools in total sediment were calculated as
, where u is porosity, and q is sediment density in kg L -1 .
Results
Sedimentary Profiles
In October, free cyanide concentrations in pore-waters of DGM were in the range of 0.06-0.49 lmol L -1 . The highest concentrations of free cyanide were detected at 3-19 cm depth (Fig. 1a) . In April, the concentrations of free cyanide were much higher at 3 and 31 cm depths (1.11 and 1.92 lmol L -1 , respectively). At 11-19 cm depths, cyanide was not detected (Fig. 1a) . Concentrations of cyanide strongly complexed with metal, in porewaters of DGM in October, were found to be \1 lmol L -1 at all depths except 15 9 19 cm, where 2.25-6.94 lmol L -1 of metal-complexed cyanide was detected (Fig. 1a) . In April, concentrations of strongly metal-complexed cyanide were detected at 7-11 cm depth (2.70-5.71 lmol L -1 ) (Fig. 1a) . Cyanide concentrations in wet sediment in October were found to be as high as 230 lmol kg -1 (6 ppm CN -) near the sediment surface. Sediment cyanide content steadily decreased to 29 lmol kg -1 at 11 cm depth and was 5-45 lmol kg -1 below this depth (Fig. 1b) . In April, the highest sediment cyanide content was measured at 7 cm depth (65 lmol kg -1 ). At 3 cm depth, it was only 2.7 lmol kg -1
, and below 7 cm depth, it was in the 15-50 lmol kg -1 range (Fig. 1b) . The cyanide content of wet root from the 10-20-cm depth interval was found to be 50.0 lmol kg -1 during the April sampling. The highest pore-water thiocyanate concentration in pore-waters in October was detected at 19 cm depth (1.78 lmol L -1 ). Concentrations of thiocyanate decreased toward sediment surface (0.43 lmol L -1 at 1 cm) and toward deep sediment (1.18 lmol L -1 at 35 cm depth) (Fig. 1c) . In April, 2.28 lmol L -1 was detected at 25 cm depth. Concentrations of thiocyanate decreased at shallower depths to 1.01 lmol L -1 at 7 cm depth with higher value of 1.46 lmol L -1 in the surface sediment (Fig. 1c) . The highest thiocyanate content of wet sediment was detected in the surface sediments in October (15.6 lmol kg -1
). It decreased with depth to 1.8 lmol kg -1 at 11 cm depth and stayed in the range 0.8-1.8 lmol kg -1 below this depth. In April, the highest sediment thiocyanate content was detected at 3 cm depth and 29 cm depth (4.68 and 4.65 lmol kg -1 , respectively). Between these depths, it was in the 1.5-2.4 lmol kg -1 range. In October, sulfide in pore-waters was detectable in surface sediments (0.86 mmol L -1 ). It increased with depth to 6.05 mmol L -1 at 19 cm depth. Below this depth, sulfide concentration decreased with depth to 3.49 mmol L -1 at 35 cm (Fig. 1e) . In April, surface sediments contained no free sulfide. Sulfide in pore-waters was detectable at C 13 cm depth with the highest concentration 5.41 mmol L -1 at 25 cm depth (Fig. 1e) . The highest concentration of cyanide-reactive zero-valent sulfur in pore-waters in October, 56 lmol L -1 , was detected at 7 cm depth. In the surface sediment, it was only 14 lmol L -1 , and at 19-35 cm depth, it was in the range of 13-16 lmol L -1 (Fig. 1f) . Profile of thiosulfate concentrations was similar to the profile of cyanide-reactive zerovalent sulfur with maximum of 50 lmol L -1 at 7 cm depth and 12-35 lmol L -1 at other depths (Fig. 1f) . In April, concentrations of both cyanide-reactive zero-valent sulfur and thiosulfate were found to be low (B7 lmol L -1 ) in the upper, non-sulfidic, sediment layer (Fig. 1f) . The highest cyanide-reactive zero-valent sulfur concentrations were detected at 19-29 cm depth (43-78 lmol L -1 ), and the highest thiosulfate concentrations were detected at 15-21 cm depths (91-114 lmol L -1 ) (Fig. 1f) .
In October, concentrations of iron in pore-water was\0.6 lmol L -1 at all depths. In April, in the upper, non-sulfidic sediment layer, 1.4-6.3 lmol L -1 of iron was detected (Fig. 1g) . In October, total dry sediment iron content of sediment was 495-729 mmol kg -1 with the highest concentration detected near the surface. In April, total sedimentary iron content was 430-882 mmol kg -1 with the highest concentration detected near the surface and at 25 cm depth (Fig. 1h) .
Dry sediment TOC concentration profiles in both October and April generally decreased with depth and were in the range 3.5-8.4 mol kg -1 (Fig. 1i ).
Incubations
We conducted incubations of sediment slurries to gain a better understanding of the fate of cyanide, zero-valent sulfur and thiocyanate in the salt marsh sediments. Slurries were prepared from sediment retrieved on April 14, 2010. Sediment from a depth interval of 10-20 cm depth, which roughly corresponds to the upper part of sulfide-rich zone, was spiked with (a) thiocyanate, (b) cyanide and (c) polysulfide. We measured concentrations of thiocyanate, cyanide and cyanide-reactive zero-valent sulfur in the aqueous phase as well as concentrations of cyanide and thiocyanate in the slurry as a function of time (Fig. 2) . Thiocyanate concentration showed no change in the aqueous phase (Fig. 2a) and in the whole sediment over a period of 64 h.
Polysulfidic zero-valent sulfur added to sediment disappeared very rapidly ([50 % in the first hour) (Fig. 2b) . In the first 7 min after spiking pore-water, thiocyanate concentration increased by 3.29 lmol L -1 , which accounts for 40 % of total (mostly iron-complexed) cyanide in the pore-water.
When cyanide was added to the slurry, conversion to thiocyanate occurred in hours (48 and 62 % in 22 and 64 h, respectively) (Fig. 2c) . While the concentration of free cyanide decreased with time, the concentration of complexed cyanide slowly increased, reaching 11.8 % of total added cyanide after 64 h of incubation. Adsorbed cyanide fraction decreased during the first hour of slurry incubation (Fig. 2d) . Adsorbed thiocyanate was not detected in the course of incubation. 
Delaware Great Marsh sediments
We propose that one of the sources of hydrogen cyanide in marsh sediments is associated with decomposition of Spartina alterniflora roots, which were found to contain 50.0 lmol kg -1 cyanide during the April sampling. This is supported by the observation that sedimentary cyanide content in October, when fast decomposition of organic matter occurs, is higher than in April (Fig. 1b) . There may exist cyanide sources other than Spartina alterniflora roots in the DGM sediments: cyanide is known to be produced by a variety of plants, fungi, algae and bacteria ). It is possible as well that decomposing root of Spartina provide carbon and nitrogen species, which are converted to cyanide by microorganisms. As no support for cyanogenesis by Spartina was found in the literature, further research on cyanide sources in the marsh sediments is needed to resolve the ultimate source of the cyanide.
In the following discussion, we focus on iron-cyanide complexes because other cyanidecomplexing metals (e.g., Zn, Cu, Mn, Ni) in the marsh are at lower abundance than iron and because cyanide complexes of these metals are much weaker than the ferrocyanide complex. (Fig. 1g) . The equilibrium constant K = 7.1 9 10 36 for:
was proposed by Keefe and Miller (1996) for ferrocyanide formation in the seawater at 25°C, and it can be used to show that at 1 lmol L -1 concentration of free cyanide and free iron(II), the ratio of iron(II)-complexed cyanide to free cyanide concentrations is 42.6. pK a of HCN at infinite dilution is 9.21, and dissociation of iron-cyanide complexes occurs at acidic conditions (Eq. 2).
In October, pH of pore-waters was in the range 7.0-7.6 for all sediment depths. In April, pH of pore-waters was in the 6.5-7.7 range, at all depths except 3-cm sample (pH = 3.73).
At near neutral and acidic conditions, virtually all cyanide, which is dissolved in porewaters, should exist in a free rather than in iron-complexed form. Thus, kinetic rather thermodynamic factors should control cyanide speciation in the pore-waters. In the dark at pH 4, estimates of the half-life of ferrocyanide range from 1 year under reducing conditions to 1,000 years under oxidizing conditions (Meeussen et al. 1992 ). Dissociation of iron-cyanide complexes is known to be accelerated by light (Meeussen et al. 1992; Dzombak et al. 2006b , and references therein). Cyanide can also be adsorbed on iron (III) oxide minerals, clays and sedimentary organic matter (Chatwin et al. 1988 ). Iron-cyanide complexes have been shown adsorb on aluminum and iron(III) oxides, especially at acidic pH (Dzombak et al. 2006b and references therein). HCN adsorbs on inorganic phases more weakly than CN -. Within the pH range 4-9, organic carbon should be the most important sediment constituent for hydrogen cyanide adsorption (Dzombak et al. 2006b ).
The total iron content of the sediment was between 430 and 815 mmol kg -1 of dry sediment (Fig. 1h) . Local maxima of total iron concentrations were detected in the upper 2-4 cm of sediment during both samplings. These results are in agreement with the results reported by Luther (1994, 1995) , who measured total iron concentrations in the range of 200-600 mmol kg -1 in the dry sediment on the same site, with the higher total iron concentrations near the sediment surface in the vegetated site (Kostka and Luther 1995) . Pyrite iron content was generally an order of magnitude lower than the total iron content (data not shown, pyrite content was analyzed by chromium reducible sulfur distillation). Although adsorption of cyanide on iron phases is less important than adsorption on organic matter, iron(III) hydroxide reactions with cyanide produce sulfide oxidation intermediates, which are reactive toward cyanide (see detailed discussion below). Iron(III) (hydr)oxides (except magnetite) are reduced by hydrogen sulfide on a minutes to months timescale (Canfield 1989; Canfield et al. 1992 ) and thus should also not comprise the main iron fraction. On the other hand, silicate-associated iron oxides are known to react with sulfide on a timescale of hundreds to hundreds of thousands years (Canfield et al. 1992) . Thus, we propose the total iron is mostly represented by silicate-associated Fe(III) oxides.
The total organic carbon (TOC) content of the sediment was 3.5-8.4 mol kg -1 dry sediment and generally decreases with depth (Fig. 1i) . The highest TOC content was detected in the upper two centimeters of sediment during the October 30, 2009 sampling, coinciding with the highest content of cyanide (230 lmol kg -1 , 6 ppm in the wet sediment) (Fig. 1b) . During this period of the year, the whole sediment column was found to be sulfide rich (Fig. 1e) .
Another possible cyanide sink in the marsh sediments is provided by conversion of cyanide complexes to thiocyanate, by reaction with sulfide oxidation intermediates. Sulfide oxidation intermediates, which have sulfur-sulfur bonds, are known to be reactive toward free cyanide (Kelly et al. 1969; Szekeres 1974; Luthy and Bruce 1979; Kamyshny 2009; Kamyshny et al. 2009 ). Polysulfides, polythionates with four or more sulfur atoms, and soluble and colloidal elemental sulfur react with cyanide faster than trithionate and thiosulfate (Kelly et al. 1969; Luthy and Bruce 1979; Kamyshny et al. 2009 ). Polysulfides are known to react rapidly with hydrogen cyanide via:
This reaction is irreversible: for the reaction of pentasulfide ion with hydrogen cyanide, DG r 0 is -36.8 kJ mol -1 per thiocyanate anion formed. The reaction of [Fe(CN) 6 ] 4-with pentasulfide is even more energetically favorable, and the DG r 0 is -57.2 kJ mol -1 per thiocyanate anion formed (Eq. 4).
At concentrations typical for the DGM (
of cyanide will be converted to thiocyanate by reaction (3) as calculated using the rate equation from Luthy and Bruce (1979) . Transfer of sulfur atoms from sulfur donors to cyanide is catalyzed by rhodanese, an enzyme that detoxifies cyanide, which is found in a variety of microorganisms and in mammalian tissues (Knowles 1976) . Sulfide oxidation intermediates are formed by oxidation of sulfide, especially with mild oxidation agents such as Fe(III) (hydr)oxides (Yao and Millero 1996) and MnO 2 (Yao and Millero 1993) . Polysulfides may be also formed by reaction of sulfide with solid sulfur (Boulegue and Michard 1977) :
Tetrathionate has been shown to be reactive toward iron-complexed cyanide as well at pH = 4.4 and elevated temperatures (Kamyshny et al. 2012) .
Profiles of cyanide, thiocyanate and reactive sulfur species further testify to formation of thiocyanate by this pathway. Biogeochemical processes in the marsh sediments depend on the redox potential of the system, which is why we use the depth of the iron-sulfide transition zone as a reference for our depth scale. In October, sulfide was detected in the surface sediment (Fig. 1e) , and thus, the depths of iron-sulfide transition zone will be assumed to be 0 cm. In April, sulfide was detectable at 13 cm depth and non-detectable at 11 cm depth, and thus, the iron-sulfide transition zone depth will be assumed to be 12 cm.
In October, the maximum concentrations of free cyanide and strongly complexed cyanide were detected to be 3-19 cm and 15-19 cm below iron-sulfide transition zone, respectively (Fig. 1a) . Overall concentrations of free cyanide in October were relatively low, and the highest concentrations were only twice as high as the detection limit of analysis. At the same depth interval, 5-19 cm, the highest concentrations of thiocyanate were detected in the pore-waters (Fig. 1c) . The highest concentrations of both adsorbed cyanide and thiocyanate were detected in the surface sediment (Figs. 1b, d ). Cyanidereactive zero-valent sulfur concentrations above 20 lmol L -1 were detected as well at 5-15 cm depth (Fig. 1f) . At 5-11 cm depth, the concentrations of thiosulfate are as well above 20 lmol L -1 . In the surface sediment layer, where concentrations of reactive sulfur species are lower, accumulation of cyanide in the sediment occurs.
In April, free cyanide was detected at 5-9 cm above iron-sulfide transition zone and at 15-23 cm below iron-sulfide transition zone (Fig. 1a) . The highest concentrations of strongly complexed cyanide were detected in the iron-rich layer (7-9 above iron-sulfide transition zone), although strongly complexed cyanide was detectable at all depths. Adsorbed cyanide showed a profile similar to that of free cyanide: with a high concentration at -5 cm relative to iron-sulfide transition zone, with a sharp decrease at ironsulfide transition zone and with relatively high concentrations 4-13 cm below iron-sulfide transition zone (e.g., at lower depths than free cyanide) (Fig. 1b) . Free thiocyanate concentrations are not significant at iron-sulfide transition zone with a sharp increase immediately below it and a maximum at 13 cm depth relative to iron-sulfide transition zone (Fig. 1c) . The concentration of adsorbed thiocyanate is relatively low at, and below, the iron-sulfide transition zone (Fig. 1d) .
We propose that the coincidence of high concentrations of cyanide, reactive sulfur species and thiocyanate in the marsh sediments in October is due to chemical thiocyanate production by a reaction between cyanide species and reactive sulfur (especially zerovalent) species. High rates of decomposition of organic matter in the marsh result in a cyanide flux high enough to maintain detectable cyanide concentrations even in the presence of reactive sulfur species. In April, the cyanide production is slower and in the vicinity of iron-sulfide transition zone, where concentrations of cyanide-reactive zerovalent sulfur are high, cyanide, which is released into the marsh, reacts with cyanidereactive zero-valent sulfur immediately. Even the content of adsorbed cyanide sediment decreases at the iron-sulfide transition zone due to the reaction with reactive sulfur intermediates.
Other possible cyanide sinks include oxidation to cyanate, which occurs under oxic conditions, biodegradation and volatilization (Chatwin et al. 1988) . Biodegradation of cyanide under oxic conditions has been well studied (Wild et al. 1994 ). Bacterial consumption of cyanide in anaerobic bacterial cultures and during wastewater treatment has also been documented (Wild et al. 1994) .
In marsh sediments, the main constituents of the CN total were adsorbed cyanide and cyanide in the Spartina alterniflora roots (Fig. 3) . Strongly complexed cyanide and free cyanide fractions of the total cyanide were \17 and \4 %, respectively. Adsorbed thiocyanate prevailed over dissolved thiocyanate usually in the shallow sediment, possibly due to adsorption on sedimentary organic matter. A relatively large amount of free thiocyanate was found below 10 cm absolute depth. 
Sediment Amendment Incubations
Variation in dissolved thiocyanate concentration during 64 h of incubation was below 0.2 % (Fig. 2a) . This observation suggests that in anoxic sulfide-rich sediment thiocyanate is stable and is not consumed by abiotic or biologically assisted processes on the scale of days. There are other independent confirmations to this observation. First, the shapes of profiles of thiocyanate concentrations in pore-water (Fig. 1c ) and in sediment (Fig. 1d) are evidence of strong thiocyanate adsorption on sediment in the upper sediment layer and also its degradation in the upper layer, and possibly throughout the oxic sediment zone. Second, the stability of thiocyanate under anoxic conditions is in accordance with observations that in stratified water columns of two lakes, thiocyanate concentrations decrease from the bottom to the redox-transition zone, and thiocyanate disappears with the onset of oxygen (Kamyshny et al. 2011 ). However, it should be mentioned that in these lakes, a thiocyanate offset occurs in the water layer populated by purple sulfur bacteria, which possibly metabolize thiocyanate. On the other hand, thiocyanate was detected as well in nonstratified oxic water bodies, such as North Sea water (13 nmol L -1 , Kamyshny 2009), waters of Japanese ports (140-259 nmol L -1 , Rong et al. 2005 ) and waters near the Tuas industrial zone in Singapore (60 ± 18 nmol L -1 , Kamyshny and Lev, unpublished data) . Bacterial thiocyanate degradation has been extensively studied in industrial activated sludge reactors for treatment of wastewaters and especially industrial coke wastewaters. It has been shown that in anaerobic reactors, bacterial degradation of thiocyanate is either slow or does not occur (Shieh and Richards 1988; Chakraborty and Veeramani 2006; Kim et al. 2008; Sahariah and Saswati 2011) . These results are consistent with the results of our incubation experiments. On the other hand, the same studies showed that under oxic conditions, thiocyanate is rapidly degraded. Shieh and Richards (1988) even showed that the same microbial community, which does not degrade thiocyanate under anoxic conditions, may restore its thiocyanate degrading capability immediately after a return to oxic conditions. It was also shown that the presence of thiosulfate and cyanide inhibits microbial uptake of thiocyanate (Karavaiko et al. 2000) . The main products of bacterial thiocyanate degradation under oxic conditions were shown to be ammonia and carbonyl sulfide (which undergoes subsequent hydrolysis to hydrogen sulfide and carbon dioxide) or hydrogen sulfide and cyanate (which is subsequently hydrolyzed to ammonia and carbon dioxide) (Stratford et al. 1994; Wood et al. 1998 ) Interestingly, thiocyanate may be degraded as well to tetrathionate (Stratford et al. 1994 ), which in turn is reactive toward cyanide and its complexed forms (Kamyshny 2012) .
Zero-valent sulfur added in the form of soluble polysulfides disappears in the marsh sediment pore-waters in hours, mostly by processes other than reaction with cyanide. In the first seven minutes, 3.29 lmol L -1 of thiocyanate is produced, followed by slow increase by 1.21 lmol L -1 in the next 63 h. We attribute the initial rapid increase in thiocyanate concentrations to reaction between polysulfides in high concentrations and free cyanide. The ensuing slow increase in thiocyanate concentrations may be attributed to the reaction between polysulfides in small amounts of cyanide released due to decomposition of sedimentary organic matter in course of incubation (Fig. 2b) .
When added to sediment slurries, free cyanide shows a steady decrease in concentration in pore-waters. Most of the cyanide is converted to pore-water thiocyanate. A small proportion of the cyanide immediately adsorbs onto the sediment solid phase and then slowly reacts with sedimentary reactive sulfur species. After 3 h, the fraction of cyanide in the adsorbed form is stabilized and slowly increases from 10.3 to 11.8 % between 3 and 64 h of incubation. We attribute this behavior to a fast reaction of both free and adsorbed cyanide with highly reactive zero-valent sulfur compounds (e.g., polysulfides) during the first hour of incubation, followed by a slow cyanide reaction with thiosulfate and polysulfides, which are continuously formed by reaction of sulfide with sedimentary solid sulfur (Eq. 5). Thiosulfate and polysulfides are present in the sediment at concentrations of 7-72 mmol kg -1 in the 10-20-cm depth interval (Fig. 2c ). CN total (roots were analyzed as part of solid phase) decreases to 81-82 % of the initial value after 1-3 days of incubation which we explain as being due to degassing of hydrogen cyanide during sampling of the slurry from bags. Conversion of 62 % of cyanide (77 % taking into account HCN degassing) to thiocyanate suggests that anaerobic microbial degradation of cyanide (to species other than thiocyanate) is not a quantitatively important process in these salt marsh sediments (Fig. 2d ).
Conceptual Model of Cyanide and Thiocyanate Transformations
We have not attempted to build a quantitative model of cyanide and thiocyanate formation, transport and consumption due to two main reasons: (1) the Delaware Great Marsh sediments are extremely non-homogeneous, contain high and variable root content and are prone to significant bioturbation and (2) there is not enough data on kinetics of reactions between various reactive sulfur species and various cyanide species. We instead propose the following working model of cyanide production and transformations in anoxic salt marsh sediments on the basis of concentration profiles and incubation experiments (Fig. 4) . Hydrogen cyanide is produced by Spartina alterniflora roots (and possibly other organisms) and released into the marsh sediments during processes associated with decomposition of the roots. The main fraction of hydrogen cyanide is adsorbed on the sediment, mostly on Fe(III) and organic matter rich phases. Minor fractions of cyanide remain dissolved in the pore-water either as free hydrogen cyanide or as complexed with iron. Sulfide, which is produced by bacterial sulfate reduction, is oxidized by Fe(III) (hydr)oxides to form sulfide oxidation intermediates, which are reactive toward hydrogen cyanide (e.g., thiosulfate and especially polysulfides). Free hydrogen cyanide reacts rapidly with sulfide oxidation intermediates resulting in the formation of thiocyanate. Ferrocyanide, which is formed by the reaction of free cyanide with dissolved Fe(II), either reacts slowly with sulfide oxidation intermediates or slowly decomposes to hydrogen cyanide, when pH, cyanide concentration or dissolved iron concentration decrease. Adsorption of free and iron-complexed cyanide on the sedimentary organic matter and on Fe(III) hydroxides is a temporary cyanide sink. Desorption of hydrogen cyanide and reaction of adsorbed cyanide with sulfide oxidation intermediates result as well in formation of thiocyanate. Thiocyanate formation represents the ultimate cyanide sink. Thiocyanate is stable under anoxic conditions, but much less retained on the sediment and thus diffuses to an upper oxic sediment layer, where it may be oxidized by biologically assisted processes either to carbonyl sulfide and ammonia or to cyanate and hydrogen sulfide.
